To achieve visual space constancy, our brain remaps eye-centered projections of visual objects across saccades. Here, we measured saccade trajectory curvature following the presentation of visual, auditory, and audiovisual distractors in a double-step saccade task to investigate if this stability mechanism also accounts for localized sounds. We found that saccade trajectories systematically curved away from the position at which either a light or a sound was presented, suggesting that both modalities are represented in eye-centered oculomotor centers. Importantly, the same effect was observed when the distractor preceded the execution of the first saccade.
Introduction
The location of sounds cannot be directly determined from the auditory input received at the ears, but must instead be derived from a series of complex computational steps (King, Schnupp, & Doubell, 2001) . Indeed, sounds are localized from the integration of acoustical (inter-aural time difference and interaural level difference) and spectral cues within a network of midbrain (King, 2004; Sparks & Nelson, 1987) and cortical structures (Arnott & Alain, 2011) , resulting in head-centered encoding of auditory space. However, it has been shown that the representation of sounds gradually shifts from a head-centered to an eye-centered reference frame between the inferior colliculus -IC-and the superior colliculus -SC- (Bulkin & Groh, 2012; Groh, Trause, Underhill, Clark, & Inati, 2001; Jay & Sparks, 1984; King, Hutchings, Moore, & Blakemore, 1988 ; J. Lee & Groh, 2012) .
Furthermore, sound location is also encoded in eye-centered coordinates within several other cortical structures ; e.g. Lateral Intraparietal area -LIP-:  or the Frontal Eye Fields -FEF-: Russo & Bruce, 1994; Stricanne, Andersen, & Mazzoni, 1996) .
Such a transformation suggests a role for eye-centered representation in auditory localization. In line with this idea, Doyle and Walker (2002) showed that, even when instructed to saccade to visual targets and ignore auditory distractors, saccade trajectories still curve away from the location of auditory distractors presented before movement initiation. Accordingly, to induce this systematic effect on the saccade trajectory, the location of the auditory distractor must be represented within the eye-centered oculomotor centers used for saccade targeting. It is believed that the simultaneous representation of the auditory distractor and the visual saccade target locations within the same oculomotor map leads to competition during the elaboration of the motor plan (Kruijne, Van der Stigchel, & Meeter, 2014) . This competition then results in systematic changes in the curvature of the saccade trajectory as a function of the distractor location. However, if auditory distractors are indeed represented within eye-centered oculomotor centers, then what would happen when the mapping between head-centered and eye-centered encoding is changed because the eyes have moved but the head (and ears) have remained stable?
When the eyes move, even an object that is stationary in the external world will project onto a different part of the retina after the movement. For visual objects, different studies have shown that both cortical and sub-cortical structures remap (or update) their visual neuron receptive fields before the movement of the eyes begins (Duhamel, Colby, & Goldberg, 1992; Sommer & Wurtz, 2006; M. F. Walker, Fitzgibbon, & Goldberg, 1995) . Visual neurons, which after a saccade will receive an object within their receptive field, show a predictive remapping activity that allows them to keep track of visual objects across eye movements (Wurtz, 2008) . Until now, however, remapping effects have only been reported for visually defined objects.
Nevertheless, auditory cells within the SC are modulated by the position of the eyes, with reduced or abolished activity observed when a change in eye direction brings the sound source outside of the eye-centered receptive field of the recorded neuron (Jay & Sparks, 1984; Populin, Tollin, & Yin, 2004) . Additionally, it has been shown that humans can accurately shift their gaze toward the origin of an auditory target presented before a movement, even after making a double-step eye or combined eye and head movement (saccade: Goossens & Van Opstal, 1999; or eye-head combined movement: Van Grootel, Van Wanrooij, & Van Opstal, 2011; Vliegen, Van Grootel, & Van Opstal, 2004) . The ability to correctly perform such a task suggests that the memorized location of the auditory stimulus was accurately updated, or remapped, across the first saccade such that the second saccade could be precisely targeted. However, these results do not exclude the possibility that the auditory location was represented solely within head-centered auditory maps and simply relayed to eye-centered oculomotor centers (before the onset of the first movement) to form a memorized, eye-centered motor plan. As such, earlier studies leave open the question of the mechanism used to process sound location across saccades.
Here we aim at determining the mechanism used to represent visual, auditory, and audiovisual distractors across saccades. To do so, we built a custom screen ( Figure 1A ) that allowed us to accurately record eye Figure 1. Apparatus and stimulus timing. A. We built a combined eye-tracking and audiovisual screen consisting of LEDs and sound speakers (the left side of the panel shows the setup covered with spandex, transparent to sounds and lights, while the right side shows the equipment below) in a cabin covered with sound-absorbing foam. B. The presentation of the fixation target (ft) was followed by the simultaneous appearance of the saccade targets (st1 and st2). Participants (n = 8) executed a sequence of two saccades while ignoring the onset of a distractor, a brief (50 ms) visual, auditory or audiovisual stimulus presented at a location either clockwise or counterclockwise relative to the second saccade direction. C. Pre-saccadic and inter-saccadic trials (orange bars) were defined according to the presentation time of the distractor: the period preceding (pre-saccadic) or following (inter-saccadic) the first saccade. The curvature of the second saccade of presaccadic and inter-saccadic distractor trials was analyzed as a function of the distractor position and sensory modality (visual, auditory or audiovisual). movements while auditory or visual distractors were presented at different locations. We instructed participants (n = 8) to move their eyes following a double-step sequence consisting of a first (left-or rightwards) saccade to the screen center followed by a second (up-or downwards) saccade along the screen vertical meridian. Distractors were either presented ( Figure 1B ) before (pre-saccadic distractor trials) or after the first horizontal saccade (intersaccadic distractor trials). For these two types of trials, we analyzed the second vertical saccade as a function of the distractor position and sensory modality. We predicted that if a distractor was represented within eye-centered oculomotor centers, its representation would compete with the representation of the visual saccade target and influence the trajectory of the second saccade (Kruijne et al., 2014; Sheliga, Riggio, & Rizzolatti, 1994) . For intersaccadic trials, in which screen (or head-centered) and eye-centered representations of the distractor are equivalent, we simply predicted that the saccade trajectory would curve away from the distractor. As expected, in these inter-saccadic distractor trials for which both eye-and head-centered representations of the distractor were aligned, we found that the trajectory of the second saccade systematically curved away from the distractor screen location irrespective of whether the distractor was visual, auditory or audiovisual.
For pre-saccadic trials, for which the distractor occurred before the first saccade, we could formulate two separate hypotheses about the curvature of the second saccade. If the eye-centered (or retinotopic) distractor representation is not being remapped across the first eye movement, we would predict that the second saccade curves toward the screen distractor position (because this corresponds to curvature away from the retinal position of the distractor before the first saccade). On the contrary, if the eye-centered distractor representation is being remapped across the first eye movement, we would predict that the second saccade curves away from the distractor screen position. Supporting the second hypothesis, we found that vertical saccades recorded in presaccadic trials, systematically curved away from the distractor screen location irrespective of its sensory modality.
Together, these results show that both auditory and visual objects are registered within eye-centered oculomotor centers. Moreover, they show that when the eye position changes, stimulus representations are remapped, ensuring that eye-centered representations of stimuli from different modalities can all maintain their alignment to the external world.
Results
We first focused on inter-saccadic distractor trials ( Figure 2 ). In these trials the distractor occurred after the first saccade but before the onset of the second saccade. Analysis of saccade curvature as a function of the distractor position can therefore inform us on whether a brief visual and/or auditory stimulus was represented within eye-centered oculomotor centers ( Figure 2A ). Figure 2B shows the averaged second saccade trajectory and curvature angle normalized relative to trials without distractors as a function of the distractor sensory modality (see Methods). We found that vertical saccades curved away from the screen position of the visual distractor when it was presented during the inter-saccadic interval. This effect was consistent across trials, as made evident by the comparison between the normalized curvature angle observed for visual inter-saccadic distractor trials ( Figure 2B left panels: -2.65 ± 0.41°-mean ± SEM-) and trials without distractor (0.30 ± 0.11°, p < 0.0001). Interestingly, auditory distractors produced smaller but similar effects. Saccade trajectories systematically curved away from the screen location where inter-saccadic sounds were played ( Figure 2B middle panels: -0.52 ± 0.14°, p < 0.0001).
Finally, audiovisual inter-saccadic distractors had similar effects on the curvature of the second saccade and resulted in systematic curvature away from the screen position where they were presented ( Figure 2B right panels: -3.34 ± 0.53°, p < 0.0001). Altogether, these results suggest that auditory and/or visual stimuli are represented within eye-centered oculomotor centers and compete with visual saccade targets, resulting in a systematic bias of saccade trajectory curvature.
Next, we focused on trials in which the distractor preceded the two saccades. Depending on the position of the targets and of the distractor on the screen, we labeled these trials as inter-hemifield or intra-hemifield presaccadic trials. Inter-hemifield pre-saccadic trials are characterized by distractors horizontally presented at a position laying in between the fixation and the first saccade target ( Figure 3A ). For these trials the first saccade shifts the distractor's eye-centered representation in the opposite visual hemifield relative to where it was originally presented (i.e. inter-hemifield). Thus, these trials allow us to determine if oculomotor centers, while processing the second saccade, take the execution of the first saccade into account when representing visual, auditory and audiovisual distractors. If the displacement from the first horizontal saccade is not taken into account, then we would predict that vertical saccades curve toward the distractor screen position. On the contrary, if the movement of the first saccade is considered, such that the distractor representation is being remapped across the first saccade, we would predict that the second saccade curves away from the distractor screen position.
We found that the presentation of inter-hemifield pre-saccadic distractors resulted in saccade curvature away from the distractor screen position. This effect was found both for visual ( Figure 3B left panels: -0.76 ± 0.40°, p = 0.0130), auditory ( Figure 3B middle panels: -0.58 ± 0.30°, p < 0.0026) and audiovisual distractors ( Figure 3B right panels: -1.05 ± 0.33°, p < 0.0001). These results strongly suggest that auditory and visual representations within eye-centered oculomotor centers are remapped across saccades to compensate for the effects of the first horizontal eye movement. Here, if oculomotor centers remap the distractor across saccades, we predicted that vertical saccades would curve away from the distractor screen position (red arrow), otherwise they will curve toward it (blue arrow). In intra-hemifield pre-saccadic trials (C), the distractor is presented further from the initial fixation position, located in the other hemifield. We predicted that vertical saccades would curve away from the distractor screen position irrespective of whether oculomotor centers remap (red arrow) the distractor across saccades or not (blue arrow). B-D. Averaged normalized second saccade trajectory (top panels) and normalized curvature angle (bottom panels) observed following the presentation of a visual (left panels), an auditory (center panels) or an audiovisual (right panels) inter-hemifield (B) and intra-hemifield (D) pre-saccadic distractor. Conventions are as in Figure 2 .
Next, we analyzed intra-hemifield pre-saccadic trials. These trials are characterized by distractors presented at locations laying further away from the fixation and the saccade targets ( Figure 3C ). For these trials the first horizontal saccade shifts the distractor's eye-centered representation within the same visual hemifield relative to where it was originally presented (i.e. intra-hemifield). Contrary to inter-hemifield pre-saccadic trials, these trials do not allow us to determine if oculomotor centers consider the movement of the first saccade when processing the second saccade. Indeed, we predicted that vertical saccades would curve away from the distractor screen position irrespective of whether the distractor representation was remapped. We found that the presentation of intrahemifield pre-saccadic distractors resulted in saccade curvature away from the distractor screen position. This effect was, however, only observed systematically across participants for visual ( Figure 3D left panels: -1.38 ± 0.45°, p < 0.0001) and audiovisual distractors ( Figure 3D right panels: -1.15 ± 0.37°, p < 0.0001). For auditory distractors, although the averaged saccade trajectory curved away from the distractor screen position, the curvature angle observed across participants did not significantly differ from trials without distractors ( Figure 3D middle panels: 0.24 ± 0.28°, p = 0.8308). Interestingly, as sounds were presented at the same screen position in inter-and intra-hemifield pre-saccadic trials, this latter effect suggests that the localized sound representations within oculomotor centers were modulated by the eccentricity between the position of the eyes and the sound source.
Altogether, we found that vertical saccades curved away more when a visual distractor was presented after the first saccade (inter-saccadic trials) rather than before the first saccade (pre-saccadic trials) for both interhemifield (p < 0.0001) and intra-hemifield trials (p = 0.0004). The same effects were found for audiovisual distractors (ps < 0.0001) and for auditory intra-hemifield distractors (p = 0.0084). However, auditory inter-hemifield pre-saccadic distractor trials did not differ from auditory inter-hemifield inter-saccadic distractor trials (p = 0.8206).
As pre-saccadic distractors were necessarily presented earlier than inter-saccadic distractors relative to the onset of the second saccade, the reduced influence of pre-saccadic distractors on the second saccade trajectory most likely reflects the effect of time between the distractor presentation and the execution of the movement. Such an influence of time on the strength of the curvature, demonstrated for visual distractors (an effect previously shown for visual distractors: Jonikaitis & Belopolsky, 2014) , might be less visible for less well localized objects such as the auditory distractor we used here.
Discussion
We behaviorally probed the neural representation of visual, auditory and audiovisual objects using objective measures of saccade trajectory. Our custom-made screen and paradigm allowed us to determine the reference frame in which these different stimulus modalities were represented using a double-step saccade task. We found that the curvature of vertical saccades was systematically biased by visual, auditory and audiovisual distractors briefly presented before movement onset. Moreover, the trajectory of the second, vertical saccade was found to curve away from the screen position of the distractor when the execution of the first saccade shifted its eye- Saccade trajectory has previously been shown to reflect not only individual idiosyncrasies, but also the spatial layout of the scene over which the eyes move (Van der Stigchel, Meeter, & Theeuwes, 2006 ). Here, we were able to reveal changes in the saccade trajectory as a function of the distractor interval, position, and sensory modality. Previous studies indicated that the presence of a salient visual or auditory distractor influences saccade trajectories by causing systematic deviations and curvature (Doyle & Walker, 2002; Heeman, Nijboer, Van der Stoep, Theeuwes, & Van der Stigchel, 2016; Sheliga et al., 1994) . While curvature away from the distractor reflects an inhibition of the memorized distractor location (Theeuwes, Olivers, & Chizk, 2005) , the occurrence of this systematic effect by itself provides evidence for the registration of corresponding stimuli within oculomotor centers (Kruijne et al., 2014) . As oculomotor centers responsible for saccade planning and execution are known to be organized in an eye-centered reference frame (Robinson, 1972; Robinson & Fuchs, 1969) , our results suggest that both, visual and auditory distractor stimuli were processed by eye-centered multisensory neurons within these areas.
Such multimodal neurons have been documented in awake macaques (Jay & Sparks, 1984; , especially within the deeper layers of the SC, a site where both modalities have been found to converge to form a common motor map (Frens, Van Opstal, & Van Der Willigen, 1995; King, 2004) . Interestingly, the response of collicular neurons depends both on the position of the sound source and on the position of the eyes in the orbit (Jay & Sparks, 1984; . In other words, although sounds are initially encoded in a head-centered reference frame (King, 2004; Sparks & Nelson, 1987) , collicular neurons respond differently as a function of the gaze direction, suggesting that the existence of eye-centered auditory receptive fields (Jay & Sparks, 1984; . These converging neurophysiological studies provide further evidence for the encoding of multimodal stimuli within eyecentered oculomotor centers.
We propose that the collicular or cortical eye-centered registration of the auditory and visual distractors, and the remapping of their eye-centered representations across the saccade could explain the effects observed here.
Indeed, if sounds are represented within a common, eye-centered reference frame, their neural representations should be remapped across saccades. Accordingly, when programming the movement of the second saccade, the competition occurs between the saccade target and the remapped distractor location. Thus, because the shift in the eye position due to the saccade is considered, the trajectory of the saccade will deviate away from the screen (i.e. external) location of the distractor.
Such neural remapping of stimulus-related activity has been observed for visual neurons in several different oculomotor centers (Duhamel et al., 1992; Sommer & Wurtz, 2006; M. F. Walker et al., 1995) . Remapping consists of a predictive increase in the spiking activity of neurons, which, after the completion of a given eye movement, receive either a salient object or its memory trace in their receptive field (Gottlieb, Kusunoki, & Goldberg, 1998) .
Moreover, the activity of neurons, which will no longer receive the salient object in their receptive field after completion of the saccade, has been found to predictively return to a baseline level (Colby, Duhamel, & Goldberg, 1996; Duhamel et al., 1992; Kusunoki & Goldberg, 2003; Nakamura & Colby, 2002) . However, no study published to date has reported such a neural remapping of auditory objects occurring across saccades.
In a series of experiments recording single cells in the superior colliculus of awake macaques, Jay and Sparks (Jay & Sparks, 1984; demonstrated that eye-centered auditory receptive fields, when activated by a specific external sound source, reduce their firing after a change in eye coordinates. While these studies demonstrate that the activity of auditory neurons is modulated by the gaze direction, the authors did not record activity before a saccade and thus could not demonstrate a potential remapping of eye-centered auditory neurons.
In our experiment, we found systematic saccade curvature away from the sound distractor when the first saccade shifted the sound distractor into the opposite visual hemifield (inter-hemifield). We argue that these results are compatible with the view that sounds are encoded at least partially within eye-centered oculomotor centers and remapped across the first saccade. This effect was, however, less systematic when the first saccade shifted the sound distractor within the same visual hemifield (intra-hemifield). One crucial difference between these two conditions is the eccentricity between the fixation target and the distractor position before the first saccade. During intra-hemifield trials the distractor occurred on the opposite side of the display relative to the current gaze position.
Thus, the eccentricity of the distractor from the eye was about twice as large in intra-hemifield trials (distance between fixation target and distractor: ~21°) relative to inter-hemifield trials (~11°). Nevertheless, distractors of both trial types were presented at the same screen position (and as such the sounds were equally eccentric relative to the position of the ears). As only the eye-centered eccentricity differed, we argue that the difference we observed here shows that sounds are represented in eye-centered coordinates.
Interestingly, when measuring collicular receptive field shifts as a function of the eye direction, Jay and Sparks found that the spatial shift was less precise for auditory neurons than for visual neurons (Jay & Sparks, 1984; . This effect could be due to a difference in saliency between the stimuli (Alais & Burr, 2004) or due to an intrinsic difference in localization capacity between visually and auditory defined objects. In our experiment sound sources were separated on the screen by 15°, a distance far above auditory localization thresholds observed for example when participants had to discriminate two sounds (Maddox, Pospisil, Stecker, & Lee, 2014) or to saccade toward them (Goossens & Van Opstal, 1999) . Nevertheless, the lower precision with which auditory stimuli are localized relative to visual stimuli would be expected to reduce the strength of competition between the auditory distractor and the visual saccade target. In addition to auditory stimuli being localized less precisely than visual ones, the absolute localization of auditory stimuli is also known to be biased toward the current gaze location (Krüger, Collins, Englitz, & Cavanagh, 2016; Pavani, Husain, & Driver, 2008) , with the magnitude of the bias increasing with eccentricity. While providing further support for interactions between auditory representations and gaze direction, this effect may also have resulted in an inwards localization bias. If such bias occurs be the case, in the intra-hemifield pre-saccadic condition, the condition in which the eyes start further away from the distractor, sounds remapped representation would lie along the trajectory of the second saccade, rather than to one side of it.
One would predict that, overall, this condition would be associated with an absence of systematic curvature away or toward the distractor screen position, as observed in our experiment.
Although the difference between sensory modalities may reflect different localization accuracy, only the remapping of an eye-centered representation of the sound across the saccade can fully explain the observed effects. It has been shown that humans can accurately execute double-step eye movements or eye and head movements toward memorized auditory targets (Goossens & Van Opstal, 1999; Van Grootel et al., 2011; Vliegen et al., 2004) . Contrary to our results, these earlier findings, as well as previous studies measuring the effect of sound on saccade curvature using a single eye movement task (Doyle & Walker, 2002; Heeman et al., 2016) , could be explained by a mechanism in which auditory targets are initially processed in head-centered auditory maps before being transferred into an eye-centered oculomotor map at a later point in time. In contrast, our effect was observed in a double-step saccade task with distractors presented during saccade preparation. Further, the significant increase of curvature angle found for audiovisual distractors argues for the existence of a single eyecentered reference frame in which distractors were encoded, regardless of their sensory modality. Future studies combining multiple distractors presented before and after the first saccade could be used to more directly test the existence of a single reference frame and to further examine integration across modalities.
The location-dependent effect of auditory distractor stimuli on the curvature of eye-movements indicates that some representation of auditory stimuli must necessarily be encoded within eye-centered oculomotor maps in order to provide the competition that biases the saccade trajectory. We argue that this eye-centered auditory information is present from the initial encoding of the stimulus, with its eye-centered representation being remapped after the first saccade to account for the displacement of the eyes. However, an alternative account is that the auditory information is represented in head-centered spatiotopic maps (Andersen, Essick, & Siegel, 1985; Melcher & Colby, 2008) , with the representation converted into an eye-centered reference frame "on-demand" (Henriques, Klier, Smith, Lowy, & Crawford, 1998; Klier, Wang, & Crawford, 2001; J. Lee & Groh, 2012) immediately prior to the second saccade. Under this alternative hypothesis, the representation of the auditory distractor stimulus would not be stored within eye-centered coordinates and thus not be subject to remapping across the saccade. We believe this alternative is unlikely for two reasons. First, we observed a clear effect of curvature exhibited in response to localized auditory distractors. This clearly demonstrates that ocular information has a role in determining the degree of curvature, which is difficult to explain if the auditory distractors were represented solely in a headcentered reference frame. Second, given that the auditory stimuli represent a task-irrelevant distractor that individuals are explicitly instructed to ignore, it is unclear why they would actively convert head-centered information into an eye-centered oculomotor representation after the first saccade. Instead, if the representations are separate, it would be far more advantageous to not perform this transformation, rendering the saccade unaffected by the irrelevant auditory distractor. In summary, while only the direct recording of oculomotor multisensory neurons, for example within the SC, could confirm the existence of neural remapping of sounds in eyecentered maps, the pattern of data we observed with auditory, visual and audiovisual distractors best supports a model in which different modalities are tracked in a single eye-centered visual reference frame King, 2004) .
Such a supra-modal topological map could allow multi-sensory space constancy via predictive remapping of locations as a function of their ability to attract spatial attention (Cavanagh, Hunt, Afraz, & Rolfs, 2010; Rolfs & Szinte, 2016; Szinte, Jonikaitis, Rangelov, & Deubel, 2018) rather than as a function of their modality. As an alternative, one could propose that multiple reference frames are simultaneously maintained. In this framework, auditory representations would be accounted for by eye-centered areas but would also be kept in a head-centered reference frame within other cortical areas (Collins, Heed, & Röder, 2010) . Indeed, we found a stronger bias for inter-saccadic than pre-saccadic distractor trials. As only within inter-saccadic trials both the head-and eyecentered representations are aligned, this effect goes in line with the idea that the two reference frames exist separately and converge in oculomotor centers to affect the saccade path. Such an integration, which might enhance the distractor signal and consequently the curvature bias, was previously described at the electrophysiological (Chen, DeAngelis, & Angelaki, 2013) and the behavioral level (Badde & Heed, 2016) in experiments without saccades or sounds.
Finally, our results show that saccade trajectory curvature is affected differently by the two modalities.
Nevertheless, inference based on the comparison of saccade trajectory curvature effects across modalities is somewhat limited as we kept stimulus intensity constant, confounding arousal and sensory modality factors. Future work systematically varying the level of the two modalities would better test multi-sensory integration (Godfroy-Cooper, Sandor, Miller, & Welch, 2015) .
In conclusion, we found that localized visual and auditory objects are treated on a supra-modal eye-centered oculomotor map and are being maintained in space across saccades via a remapping mechanism.
Material and methods

Participants
Eight students and staff members from the Ludwig-Maximilians-Universität München participated in the experiment (age 24-30, 3 females, 2 authors) for a compensation of 10 Euros per hour of testing. All participants except the authors were naive as to the purpose of the study and all had normal or corrected-to-normal vision and audition. The experiment was undertaken with the understanding and written consent of all participants and carried out in accordance with the Declaration of Helsinki. The protocol was designed according to the ethical requirements specified by the LMU München and the approval of an institutional ethics committee for experiments involving eye tracking. All files are available from the OSF database URL: https://osf.io/h3qdf/. (Brainard, 1997; Cornelissen, Peters, & Palmer, 2002) . Stimuli were presented at a viewing distance of 76.5 cm, on a custom-made audiovisual screen ( Figure 1A) . Auditory distractors were played from 4 loudspeakers (0.75° radius) arranged at the four corners of a virtual square (15° side) centered on the screen midpoint and located at ± 7.5° horizontally and vertically from it. Sounds were played via a multiple channel MOTU sound card (Cambridge, MA, USA), amplified by a PowerPlay Pro Behringer amplifier (Wellich, Germany), and digitized at 48 kHz. Visual distractors were presented via 4 green light emitting diodes (LEDs; 0.15°-radius). Fixation and saccade targets were presented via 5 other red LEDs (0.15°-radius). All LEDs were controlled at a rate of 1 kHz by an Arduino Due electronic board (Turin, Italy). The visual distractors (4 green LEDs)
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were mounted on top of the 4 speakers. The fixation and saccade targets were located at the center of the screen, at a distance of 15° from the screen center at the four cardinal locations (right, up, left and down) . A spandex screen (transparent to sound and light) covered the setup, ensuring that participants remained unaware of stimulus locations before their onset. A custom-made calibration was implemented using the 5 red and 4 green LEDs presented in random sequences. Instructions were recorded and played to participants during training blocks and repeated before each experimental session.
Procedure
The study was composed of 3 different types of blocks in which we presented visual, auditory or audiovisual distractors, respectively. All blocks were run in a random order across all participants and completed in 3 to 4 experimental sessions (on different days) of about 60-90 minutes each (including breaks). All participants, except one author, initially completed 3 training blocks in which they were familiarized with the task (3 short blocks, one for each distractor type, ~5 minutes each) followed by 12 blocks of the main experiment (3 visual, 3 auditory and 3 audiovisual distractor blocks, ~25 minutes each).
Each trial began with participants fixating a fixation target (red LED) located randomly 15° to the right or left of the screen center ( Figure 1B) . When the participant's gaze was detected within a 3.5°-radius virtual circle centered on the fixation target for 200 ms, the trial began with an initial fixation period (varying randomly between 1000 and 1300 ms in steps of 50 ms) followed by the simultaneous presentation of two saccade targets for a duration of 1000 ms (while the fixation target stayed on). The first saccade target always appeared in the center of the screen while the second could randomly appear above or below the screen center. Participants were instructed to make two sequential saccades, the first one toward the screen center, and the second from the screen center to the saccade target. Consequently, participants randomly executed 1 out of 4 possible double-step saccade sequences: left-up, left-down, right-up or right-down saccades. Each trial ended with a 500 ms inter-trial period during which no stimulus was presented.
In 3/4 of the trials, a distractor was presented clockwise or counterclockwise relative to the second saccade target position (e.g. in a right-up saccade trial, a clockwise distractor was presented in the upright quadrant). The onset of the distractor stimulus occurred randomly at a time between 100 ms before and 300 ms after (in steps of 1 ms) the appearance of the saccade targets. This ensured that the distractors reliably occurred either before the first saccade (1st saccade mean latency with visual: 172.02 ± 6.18 ms, auditory: 160.50 ± 6.64 ms, audiovisual: 163.88 ± 5.98 ms or without distractors: 179.44 ± 4.64 ms) or in between the two saccades (2nd saccade mean latency with visual: 497.28 ± 16.21 ms, auditory: 462.92 ± 20.33 ms, audiovisual: 473.86 ± 19.52 ms or without distractor:
480.99 ± 18.84 ms). The distractor within a block remained constant as either a visual, auditory or audiovisual stimulus. A visual distractor was a 50 ms illumination of a green LED, an auditory distractor was a 50 ms broadband Gaussian white noise (with 5 ms raised-cosine onset and offset ramp) and an audiovisual distractor consisted of synchronized visual and auditory distractors originating from the same spatial position. The sound level and frequencies of the speakers were adjusted to be identical (75 dBA SPL) based on records made with a Behringer microphone (Wellich, Germany) placed at the head position. In 1/4 of the trials, no distractor was presented to avoid any difference in saccade preparation. These distractor absent trials were randomly interleaved with distractor present trials. Distractor absent trials were used to normalize the saccade trajectory and thereby account for individual saccade trajectory idiosyncrasies (see data analysis).
Participants were instructed to execute the saccades accurately and to avoid looking to the distractor location. To reduce the frequency of saccades made directly from the fixation to the second saccade target (diagonal saccades), we instructed participants to make the requested double-step saccade sequence without strong time pressure. However, a trial was aborted and subjects were given auditory feedback if they took more than 400/700 ms to initiate their first/second saccade relative to the onset of the saccade targets. Each participant completed between 3691 and 3887 trials. Correct fixation as well as correct saccade landing within a 3.5° radius virtual circle centered on the first and second saccade target were monitored online. Trials with fixation breaks or incorrect saccades (inaccurate or too slow) were discarded and repeated at the end of a block in a randomized order (participants repeated between 91 and 287 trials). In total we included 26293 trials (91.30% of the online selected trials, 87.02% of all trials played) in the data analysis.
Data pre-processing
We first scanned the recorded eye-position data offline and detected saccades based on their velocity distribution (Engbert & Mergenthaler, 2006) , using a moving average over twenty subsequent eye position samples. Saccade onset was detected when the velocity exceeded the median of the moving average by 3 SDs for at least 20 ms. We included trials if a correct fixation was maintained within a 3.5° radius centered on the fixation target before the onset of the saccade targets, if a first correct saccade started at the fixation target and landed within a 3.5° radius centered on the first saccade target, if a second correct saccade started at the first saccade target and landed within a 3.5° radius centered on the second saccade target, and if no blink occurred during the trial.
Data analysis
We first determined the eye position coordinates of the second saccades for each correct trial. These coordinates were then rotated as to direct all saccades upward. Subsequently, we determined the mean eye position on the main direction axis (i.e. mean vertical coordinates across horizontal coordinates) for each second saccade in order to end up with only monotonic eye sample values in the saccade direction. Next, we split data as a function of the direction of the saccade sequence and, for each of these groups, subtracted the mean coordinates of the specific saccade sequence from the mean coordinates of the distractor-absent saccade sequence. This normalization ensured that any deviation of the saccade trajectory in response to a distractor was not due to the individual idiosyncrasy of the saccade trajectory of a participant. It also allowed us to average saccades from different double-step saccade sequences together more accurately. With these normalized coordinates we then determined the saccade curvature angle (Belopolsky & Van der Stigchel, 2013; Jonikaitis & Belopolsky, 2014) for each trial, that is, the median of the angular deviations of each sample point from a straight line connecting the starting and ending point of the saccade. Finally, raw coordinates of the main saccade axis direction were inverted for trials in which distractors were played counterclockwise relatively to the second saccade direction. This way, positive and negative values represent coordinates and curvature angles that were directed either toward or away from the distractor's head-centered position, respectively. To study the effects of distractors presented before the first saccade, we included trials in which the distractor ended in the last 150 ms preceding the first saccade (presaccadic distractor trials, Figure 1C ). To study the effects of distractors after the first saccade we included trials in which the distractor started after the first saccade offset and ended at least 100 ms before the second saccade onset (inter-saccadic distractor trials, Figure 1C ). Note that the respectively excluded, late occurring distractors (within the last 100 ms prior to the onset of the second saccade) are not expected to be registered early enough by the oculomotor system when processing the second saccade. These time windows were determined following an earlier study on the time course of similar effects (Jonikaitis & Belopolsky, 2014) . Per participant, we analyzed 118. 38 ± 8.05, 151.12 ± 4.79 and 140.75 ± 4.32 inter-hemifield pre-saccadic, 119.25 ± 6.74, 145.88 ± 4.39 and 138.88 ± 5.62 intra-hemifield pre-saccadic, and 155.00 ± 22.72, 127.75 ± 26.82 and 136.38 ± 26.18 inter-saccadic visual, auditory and audiovisual distractor trials, respectively, and 853.12 ± 21.70 trials without distractor.
Statistical comparisons of normalized saccade curvature angles were based on drawing (with replacement) 10000 bootstrap samples from the original values and computing 10000 means, respectively. By using the bootstrap method, i.e. resampling with replacement from the collected sample, we can form a fair estimate of the parent population. We determined statistical significance by deriving two-tailed p values for the comparison of the bootstrapped distributions obtained in a given distractor-present condition to the distributions observed without a distractor. Finally, to compare performance between two distractor-present conditions, we subtracted the bootstrapped values of the first condition from the second and derived two-tailed p-values from the distribution of these differences. We reported uncorrected p-values, as all statistical comparisons were planned and conducted between independent sets of data points.
